A new test, called the seismic cone penetration test (SCPT) is described.
Introduction
In the last two decades, there has been an increasing interest in soil dynamics, mainly due to the many engineering problems in which the dynamic behaviour of soil is of significance.
The increasing interest has resulted in the rapid developrent of new analytical and dynamic testing methods.
In the field the cros*hole and down-hole methods have become the standard techniques for dynamic testing to determine the in-situ shear wave velocity.
A polarized shear wave is generated in one borehole (or at the surface) and the time is measured for the shear wave to travel a known distance to the geophone in the borehole.
Elastic theory relates the shear modulus, G, soil density, p, and shear wave velocity, V, as follows,
Hence, the shear modulus can be determined using in-situ seismic methods for the determination of the shear wave velocity.
The shear modulus is largest at low strains and decreases with increasing shear strain (9).
The shear strain amplitude in in-situ seismic tests is usually low and of the order of lo+%.
Thus, the very low strain level dynamic shear modulus, G,,, is usually obtained. 
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The design and construction of the seismometer carrier provides a snug seating for the seimnometer package.
The method of advancing the cone penetrometer provides continuous firm mechanical contact between the seinnometer carrier and the surrounding soil. Tnis allows excellent signal response.
In addition, seimnometer orientation can be controlled and accurate depth measurements obtained.
The seisnic wave traces detected by the seismometer are recorded on a Nicolet 4094 digital oscilloscope with floppy disk capability. This unit has a 15 bit analog to digital signal resolution, very accurate timing capability and trigger delay capacity.
The high resolution oscilloscope is capable of recording clean shear wave traces from forward and reverse single hammer impulses to depths of over 40 metres (131 ft), as shown in Fig. 4 . Fig. 4 provides a quantitative comparison of the geophone response amplitude and relative shear wave travel times with depth.
The geophone output voltage is directly related to the particle oscillation velocity as shown on the inset scales. lhe strain level caused by the shear waves can be estimated at any depth during the CPT downhole seisnic survey. The relationship between shear strain, y, velocity, u, shear wave velocity, Vs, and peak oscillation is given by (lo), Analysis of the existing field data shcus that the strain amplitudes caused by the hammerbeam source are generally less than lo*% and decrease with depth.
It has been found that the time for the first cross-over point (shear wave changes sign) is easily identified from the polarized waves (forward and reverse) and provides the most repeatable reference arrival time.
'fhe arrival time from source to detector is converted vectorially to a vertical travel path.
The difference between successive 1 m (3.28 ft) depth measurements of vertical travel path time is used to determine the shear wave travel time over the 1 m (3.28 ft) interval of depth.
because of the short distances and small travel times involved, the oscilloscope must have very high resolution, fast sample times and a very fast, repeatable trigger.
The trigger used is similar to that suggested by Hoar and Stokoe (6). The trigger incorporates a ~C1455 linear integrated circuit with a rise time of less than 1 nsec.
Since the shear wave velocity is squared to calculate Gmax, a high priority must be given to the accuracy of travel time measurements.
lb assess the variability of the arrival time measurements and the accuracy and reliability of the trigger system a second geophone system was placed 1 m (3.28 ft.) vertically above the first geophone.
This equipsent modification allowed true interval surveys to be carried out and compared to the pseudo time interval method described above. The arrival time data was then analyzed assming a normal statistical distribution at each depth interval.
The results from a typical survey with 40 hammer blcus using matched geophones is shm on Fig. 5 . The data presented in Fig. 5 shcus that there is very little error using a Fig. 6 .
Note that the results in Fig. 6 indicate that the interval shear wave velocity, and therefore maximum shear modulus, increases with depth.
Also, the rate of increase with depth is higher in the sand than in the silt.
Unfortunately, cross-hole seismic data does not, as yet, exist for this site, however, the maximum shear modulus calculated using the measured shear wave velocities shown in The area around the north main pier of the proposed cable stayed bridge consists of Fraser River sands to a depth of about 40 m (131 ft). 'Ihe water table fluctuates with river level but is nominally about 4 meters (13.1 ft) below ground level.
A sunmary of the interval shear trove velocities and the cone bear ing from the seimnic CPT is sheen on Fig. 7 . The CPT seismic downhole profile was carried out approximately 5 meters (16.4 ft) from a three hole array used for a conventional crosshole seismic survey, which was carried out by others for the B.C. Ministry of Transportation and Highways.
The crosshole data was obtained at 2.5 meter (8.2 ft) intervals and is also shown on Fig. 7 .
The CPT downhole data lies consistently above the crosshole data but generally the two sets of data compare within 20 percent.
The seismic CPT data generally follows the trend indicated by the cone bearing profile with little in the way of dramatic velocity changes.
The most notable changes occur at 4 m The cone bearing, friction sleeve stress and cone pore pressure data can be used to provide a fast and reliable determination of soil type and shear strength. Downhole seimnic shear wave velocity measurements can be made during brief pauses in the cone penetration. The shear wave velocity data can be used to provide reliable determination of the maximum dynamic shear modulus.
Accurate depth determination is made by measuring the rod length and seismometer orientation is easily maintained throughout the sounding. Hole verticality is monitored throughout the sounding with a small slope sensor installed in the cone.
The combination of the seismic downhole method and the CPT logging provide an extremely rapid, reliable and economic means of determining stratigraphic, strength and modulus information in one sounding.
Comparison
of the seismic CPT downhole shear wave velocity measurements with those obtained by conventional crosshole techniques show excellent agreement.
The seismic CPT is, however, considerably less expensive and a more rapid procedure than the crosshole technique. The seismic CPT shows particular promise for use off-shore where CPT equipment is already used extensively and where shear wave velocity measurements would be of value in design of large off-shore platforms. However, the difficulty that remains for offshore is the development of an effective shear source.
